Abstract
Introduction
The number of patients undergoing aortic surgery has increased greatly since the 1990's [1] . As the discipline has developed from a subsection of cardiovascular surgery to an established speciality with many individualised techniques and treatment models [2] [3] [4] , there has naturally been a corresponding focus on clinical outcomes in both the overall patient group and within the individualised pathologies and treatments that are available. Several recent publications continue to demonstrate this important approach to surgical quality [5] [6] [7] . Meanwhile, the application of statistical models to produce risk adjusted outcomes has become an established practice in many healthcare disciplines [8] [9] [10] , especially cardiac surgery [10, 11] . These models are typical ly use d to inform patients, to give clinical assurance and to allow benchmark comparisons between institutions. Several risk adjustment models have been published which would allow risk pre di ction in certain types of aortic patient, or in patients undergoing vascular surgery [12] [13] [14] [15] [16] [17] [18] .
We conducted a retrospective analysis of aortic surgery data submitted to the NICOR National Adul t Cardiac Surgery Audit (NACSA) database by all cardiac centres in the UK. The primary aim of the study was to develop and validate a risk prediction model for post-operative mortality following open surgery on the proximal aorta (i.e. root, ascending or arch aortic segments). This will be the first publication of such a model using a large, contemporaneous European cardiac surgery dataset .
Methods

NICOR database
Prospectively collected data were extracted from NICOR's NACSA database (version 4.1.2), [ 19] on 20th November 2014 for all adult cardiac surgery procedures performed on NHS patients throughout the UK. NICOR manage the audit, and receive clinical direction and strategy from the Society for Cardiothoracic Surgery in Great Britain and Ireland (SCTS). As described elsewhere, reproducible cleaning algorithms were applied to the database [20] . Briefly, duplicate records and non-adult cardiac surgery entries were removed, transcriptional discrepancies harmonised and clinical and temporal conflicts and extreme values corrected or removed. The data are returned regularly to each unit for local validation.
For this study, records were included that met the following criteria: operation on one or more of the root, ascending or arch aortic segments that were performed in England and Wales between 1 April 2007 and 31 March 2013. As only non-identifiable patient data were used for this research, formal ethical approval was not required. This project was approved by the NICOR research board. heart rhythm was dichotomised into sinus rhythm (normal) and non-sinus rhythm as detailed above.
Similarly, the pathology of the aortic segments was dichotomised into aneurysmal or normal pathologies and other pathologies which included: chronic dissection, acute dissection, trauma, coarctation, penetrating atheromatous ulcer, pseudoaneurysm, intramural haematoma and "othe r"
pathology. Ordinal variables were dichotomised as follows: NYHA category was groupe d i nto no or mild symptoms (Class I and II) and moderate or severe symptoms (Class III and IV) and the CCS angina grade into stable (Class I to III) and unstable (Class IV). The data were split into an elective group and a non-elective group. The non-elective group included urgent, emergency and salvage surgery (salvage surgery is defined as "Patients requiring cardiopulmonary resuscitation en route to the operating theatre or prior to the induction of anaesthesia") . Separate multiple logistic regression models were fitted for elective and non-elective surgery using the backwards elimination procedure for variable selection; all preoperative patient variables listed above were offered to the analysis.
Assessing model performance
Model performance was assessed using bootstrap methodology, the complete datasets were sampled from repeatedly and the final multivariate logistic regression model was refit 100 times.
Model performance summary statistics were calculated for each iteration with the average across all the bootstrapped samples then calculated. Model calibration was assessed in three ways. Fi rstly a
Hosmer-Lemeshow goodness-of-fit test where the overall differences between the observed mortality rate and the mortality rate predicted by the risk model are evaluated using a χ 2 test [21] .
The second method involved visual inspection of a calibration plot. The calibrati on pl ot shows the predicted probability of outcome against the observed proportion of outcomes with a locally weighted least squares regression (loess) smoother [22] . Thirdly, the datasets were divided into three groups based on their predicted risk of in-hospital death (low, medium and high risk). For each group the observed mortality rate was compared with the mortality rate predicted by the risk model and goodness-of-fit was evaluated using a χ 2 test. Model discrimination was evaluated by calculating the AUROC [23] . In all cases, P < 0.05 was considered significant. All statistical analyses were carri e d out using SAS software for Windows, version 9.3 (SAS Institute Inc., Cary, NC, USA).
Results
In total 8641 records were identified as meeting the study criteria. Two records were missing inhospital mortality status and were excluded, leaving 8639 records for analysis. Over the six year study period 44 hospitals contributed data. The largest contribution from a single centre was 638
cases and the smallest contribution from a single centre was two. A summary of patient characteristics is shown in Table 1 . There were 775 in-hospital deaths giving an in-hospital mortal ity rate of 9.0% (95% CI = 8.4% to 9.6%). There were 5463 elective patients identified with 250 deaths (4.6% (95% CI = 4.0% to 5.2%)) and 3176 non-elective patients with 525 deaths (16.5% (95% CI = 15.3% to 17.9%)).
Univariable and multivariable analyses
Risk factors for in-hospital mortality based on univariate analysis are shown in Tables 1 and 2 . The final risk prediction models with estimated model coefficients, odds ratios, approximate 95% CI,
corresponding P values, and the model equation itself are shown in Tables 3 and 4 .
Overall performance of the risk models Both models demonstrated good calibration according to the Hosmer-Lemeshow χ 2 (elective model P = 0.427 and non-elective model P = 0.616. The calibration plots for both models are shown in Figure 1 and demonstrate good calibration. It is worth noting that although the elective model doe s begin to over-predict towards the higher end of its distribution, there were only 35 (0.64%) pati e nts who had a risk score proportion > 0.4, so performance is based on a relatively small number of cases.
The low, medium and high risk group assessments also supported the assumption of satisfactory calibration for both models as shown in Table 5 
Discussion
In this study, we developed and validated two predictive models for in -hospital mortality after surgery on the proximal aorta utilising a large national database. Both models include risk factors which are all directly collected within, or easily derived f rom, NICOR data variables. Model calibration has been assessed using three different methods and discrimination has be e n asse sse d using standard methodology. All available data was used for model development , with internal model validation using bootstrapping adopted. All data was collected prospectively and regularly undergoes local validation.
Risk prediction models can be used to provide important information to both patients and clinici ans about the risks of surgery. They may even be used to decide be tween different treatme nt options.
Risk prediction models also have a vital role to play in clinical governance analyses. Currently , generic cardiac surgery risk prediction models are used for proximal aortic surgery. As these models were specifically developed for proximal aortic surgery they may be more accurate than generic models for informing patients and clinicians about the risks of in-hospital mortality following surgery on the aortic root, ascending aorta or aortic arch, and for risk-adjusting proximal aortic surgery outcomes analyses.
Separate models for elective and non-elective surgery were developed as it has previously been demonstrated that cardiac surgery models intended for use with both elective and non-elective surgery can perform poorly in emergency surgery [24] . The risk models share four common risk factors: age, additional CABG surgery, preoperative arrhythmia and previous cardiac surgery. The se factors will be familiar to healthcare professionals involved in the care of patients with cardiac disease and are well represented in previously developed risk models [17, 25, 26, 27] . It is no surprise that older, sicker patients with more complicated presentation are at an increased risk of inhospital mortality. Among the elective cohort, the remaining factors of lung disease, female gender, NYHA class, reduced LVEF, neurological disease, triple vessel disease, surgery on the aortic arch and more complicated pathologies are similarly understandable contributors to increase d pati ent ri sk.
Within the non-elective model: renal disease, peripheral vascular disease, cardiogenic shock and increasingly critical presenting priority are all intuitively reasonable inclusions.
Although surgical activity in proximal aortic cases is relatively low compared to cardiac bypass graft or valvular surgery, the procedure itself carries a greater risk of mortality. Consequently, a numbe r of studies have previously attempted to quantify the risks involved. Williams et al [17] presented risk factor results of proximal aortic surgery based on the Society of Thoracic Surgeons (STS) Datase t for in-hospital mortality and mortality plus major morbidity, in overall and elective cohorts. The predictive power of their elective mortality model was slightly below the model de veloped i n thi s study with an AUC of 0.77. As this study contained four separate models and was part of a wider review of North American outcomes an extended description of the model coefficients was not available.
Other work by Huijskes [25] and Nishida [28] incorporate the widely used EuroSCORE and EuroSCORE II algorithms [26, 27] in order to make comparisons with local models and to ascertain how the model performs in aortic surgery cohorts. A comparison of the models developed in this study with the generic models such as the EuroSCORE models would be useful and may be the subject of further work.
Limitations
This study has a number of limitations. Firstly, the retrospective nature of the data analyse d me ans that thorough testing along with some necessary adjustments to risk factor weighting will be essential before this tool can be utilised in prospective cohorts, as model calibration is known to change significantly over time [29] . Secondly, although one of the strengths of the study is the multicentre, national data that is used, this brings with it questions of variable data quality and al so the possibility of inconsistencies in how NICOR guidance is interpreted from one hospital to another.
Thirdly, the NICOR dataset is primarily based on risk factors and operational details that cover the whole cardiac surgery speciality. It is likely that some predictors of mortality in patients undergoing surgery on the proximal aorta could come from other data sources such as imaging but these data were not available. Figure 1 : Calibration plot comparing observed and predicted in-hospital deaths, the bol d bl ack l i ne represents perfect calibration
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